LA-UR -81-2575

AW ) S U L

L0S Alames Nenons! LeDO /8107y § SDa"giad Dy ihg Un-werpty of Coltorng for tvs Unieg Staies Daperimen of Engrgy under COntrac! W-7408-EnG 38

MASTER

TITLE SUPERNOVA HYDRODYNAMICS
l DACLAS IR e — —
AUTHOR(S) Stirling A. Colgate, T-6h |—
8 BVMITTED TO To be presented at the Ttalian Summer School atr Varenna, Ttaly

"Plasma Astiophvaics Course & Workshop.” Augudt 27-September 7,
1981. To be published in the proceedings of the meeting.

August 21, 198]

atHAJTICN 3 11tis QUCU-WENT 13 UrLIR-bLY
By 020000 §of Thy 371gig ™0 Pubiishy’ 1RO 108 ™S8! 1he U B Qovernament rgigend & Apneative=ve rOysity-/1g0 HOONEE 19 Dubi-3* B’ 709708 .CO "'{
RO Pubighad form of thy CORFRLHON &7 10 830w othas 1 60 00 o2 U S (Qevernmen: purposes

T™he Les Alamen Nahong' LABO'SIDTY HORUSETE TAHE ThG BubGRD 1GOnKly WUl D710 B0 Wirh POMIO*mMag Unge- the Sualeees & thg U § Deps=ms~1 o [~e:p.

@S A @m% Los Alamos National Laborator
‘ Los Alamos,New Mexico 8754


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


SUPERNOVA HYDRODYNAMICS
Stirling A. Colgate
August 17, 1981

University of California
Los Alamos National Laboratory
P.0. Box 1663
Los Alsmos, New Mexico 87545 USA

and

New Mexico Institute of Minirg and Technology
Socorro, New Mexico 87801 USA

ABSTRACT

The explosion of a star supernova occurs at the
end of its evolution when the muclear fuel in its’
core is almost, or completely, consumed. The star
may explode due to s ssall residusl thermonuclear
detonation, type ] SN or it may collapse, Lype 1
and type 11 SN leaving s neutron star remnant.
The type 1 progenitor should be thought to be an
old accreting white dwarf, 1.4 M_, with s close
companion star. A type II SN is Qhought tc be a
massive young star 6-10 M,. The wmechanisrm of
explosion Is still a chnllegu to our ability to
sodel the most extreme conditions of matter and
hydrodyr.amics that occur presently and excessively
in the universe.

). INTRODUCTION

A nosition io the sky associated with a distant
galaxy brightens up for a period of a month with a
luminosity comparable to the galaxy as a whole.
This phenosenon, known as a supernova, is asscci-
ated with the explosion of a star tccause the mass
required to admit this luminosity at the inferred
temperature is of the order of a stellar mass.
The simplest explunation for the observed lumi-
nosity requires the diffusion of radiation from an
internal energy source and the further assusption
that the star has expanded to a diwensior sui-
ficient to give the necessary radiating area as
well as to allow the diffusion of radiation from
its interior. The time to maximum luminousity and
the w.dth o1 the neak luminosity are cesparable
and so the ipferred expannion rate is of the order
of 10Y cm o This velocity is subs.a tiated by
the Doppler shifts of the lines coserveo in the
early stages (Branch 1980). This general descrip-
tion of the dynamical expansion of a niar i< the
reason for interpreting the phenomenor as s stel-
lar explosion.

2. THE ORIGIN OF THE LIGHT

Let us illuntrate this with the appropriate oum-
bers. Luminosity at maxisum of s type ] lurcrnova
(S 1) ts variously estimated as 1-4 x 10%3 ergs
s  depending on whether H, equals 70 or 33 (Branch
1981). It rises to ull& light within roughly
10 days 5r 8 x 10° s and has a coler temperature
of 1.9 = 104 degrees with line blanking in the
ultraviolet thst prevents any (~ 1%) of the UV
trom escaping. (This is a near fluorescent con-
verter.) Then the surface ares of the matter thet
sust be emitting no greater than the blackbody
flux of 15,000 K in the optical, becomes

where b i3 the bolometric correction for radiation
with a cutoff above the blue band, A > 3400 R,
from a body at 15,000 K. An estimate of b ¥ 6, so
that A = 103! ca® and tbe radius at maximua light
is 10! cu. The mass required to emit the radia-
tion depends upon the opacity which in turn is
dependent upon the material and the relatively new
consideration of line blanking (Wagoner, R. 1981;
Colgate and Petschek 1981; Karp ev al 1974).

A relatively conservative value for the opacity
corresponding to & typical heavy element at [?u
density and this temperature is K = 0.03 ca? g .
Lioe blanking enhnpfu this by a factor of times 3
or x=0,1 ca? g as estimated by Karp ct sl
(1977). The enhsncement of the opacity due to
line blanking is due to the Doppler broadening of
the lines in an expandiny wedia. ‘Then the surface
layer becoses A/x = 10%% ¢ or 1/20 Mg: The v:lo-
cjty of expansion is R/t = v =71.2 © 10¥ om
l“ If we believe that r"ﬁ“ﬁ%n sust diffuse
out within the time of the width of the maximum of
the light curve AT = 10% s, then the optical
thickoess becoaes

U e df = 30 ()

Vsurfare
and the mass becomes

H,J=‘§{-IO’“|-5H, ()

This is why a SN is interpreted as the explosion
of an eutire star.

Type 11 SN also have recently been observed in the
UV (Panagia et al 1980) and the spectra shov a
combination of narrov and broad emission lines an
well as a UV excess above Lhe Planck value. This
is interpreted as ejected matter colliding and
accelerating an extended envelope, pre-SN stellar
wind, R > 10!" ca, (Fransson 198)). This col-
lision then supplies Lhe energy later emitied as
optical and enhsnced UV emission. But how doey a
type | emit light without such a collision source?

SN 1's shov oo hydrogen in the spectra and aa
previously noted no UV emission. Since the kine-
tic energy supplied by the e?anllon velocity is
80 auch H’J veJ)'/Z > 5 x 1050 ergs, compared to



sn optica, emission of = 2 X 104 ergs, we might
paively believe that the original heat of the
explosion would be adequate following expansion.
Let us generously extimate Lhis heat au being both
the kinetic epergy as well ss an initial gravi-
tationa) binding energy of w =5 x 10%! ergs,
i.e., times 10 greater than the kinetic energy.
The radius corrupondins to the gravitational
energy is R = M G/(M_.v¥/2) = 10 cm. We have
already assumed l?o subsequent collisions of the
ejected matter (until interstellar remnant forma-
tion) sod so the expansion will be adiabatic and
the internal energy will decrease at least as fast
as 1/R for radistion dominated matter, y = 4/3.
Therefore, adiabatic expansion will decrease the
internal energy by the ratio R /R ¥
10 , This is such a llr.emd“”ngp‘fﬁ] no
reasonable assumption of initial energy content
can account for thc optical radiation. A late
time energy source is required. It is now a’aost
universally agreed (Colgate and McKee 1969;
Axelrod 1980; Weaver, Axelrod, and Woriley 1980;
Colgate, Petschek, and Kriese 1980) t'.at the late
time energy must be derived from the radiocactive
decay of TONi formed by nuclear synthesis in the
erploding star. If we rearrange alpha particles
py thermonuclcar reactions of alphe particle
nuclei, i.e., C, 0, Si, carbon oxygen and silicon,
then the minimum energy nucleus is P®®Ni. This
decays as BONi -+ B8Co (6.6 days) -+ %®Fe {7 days)
which accounts for the large abundance of irom in
the universe. It also conveniently accounts for
the peculiar uptical decay curve of SN | when the
transparency loss of radivactive gamma rays and
positrous is {ncluded in the calculatious of
luminosity, Figs. 1 and 2.

There is still a disagreement as to whether the
long-time optical decay of 56-day half-life is
produced by positron loss (Arnette 1980; Colgate,
Petschek, and Kriese 1980) or infrared emission
(Axelrod 1980) but this uncertainty ssy be re-
solved by the calibration of the peak luminosity
and .. This is because the tvo models of an SN |
type q explosio. collapse to a neutron star (NS)
or a thermonuclear explosion (TN) produce § M
ejected or 1.5 M, ejected, respectively, and thg
ejected mass in Qurn determines the density and
bhence late tise infrared emission. The optical
and UV emission by its spectra, time variation and
intensity describe a wtar cxploding with s velo-
city characteristic of the gravitational binding
of the late stages of evolution.

3. THE INSTAEILITY THAT STARTS EXPLOSION

The great success of stellar wmodeling using
gravity, mass, radiaticn transport, and nuclear
reactions leads one tu the inevitable coaclusion
that the steiler explosion is the result of late
nuclear evolution to sore unstable end point.

There are now recognized three unstable end points
of nuclear synthesis. Theme are, in order of
decreasing msss of the parent star:

1. The electron positron pair instability
(Fraley 1968) for stars heavier than ~ 75

Here at a late stage in evolution with an oxygén
or heavier rore, the radiat!on pressure support is
weakened by the specific bcat of the rest sass of
the uesr relstivistic pasirs asnd collapse to a

LD S ouge o'

Fig. 1. The calculated luminosily at early and
intermediate times for M,. = 0.25 solar masses and
the corresponding depoul‘l‘.ion functions for n = 1
at 20 days and 40 days. Gamma-ray deposition and
the Ni + Co + Fe decay determine t'e solid curves.
The dashed curve is the modification of the depo-
sition function due to diffusion and expausion
(Colgate and McKee 1969). The exturolutlon o
the deposition curves reaches 2 x 1093 ergs

at ¢ = 0, and the difference between this and the
dashed curve is due to heat energy converted to
kinetic by expansion. The circles give NGC 5253
data (Kirshner and Oke )975), and squares give NGC
4182 data (Baade and Zwicky 1938; Van Hise 1974).
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Fig. 2. Same as Fig. | for timas out Lo 700 days.
Here the curves are priaarily determined by the
deposition of positrons from the Co + Fe decay.
The deshed curve is a fit to the data with s slope
corresponding to a 56-day half-life.



neutron star or black nole results. The number of 3. Finally, a type I SN is most likely a thermo-

such massive stars, according to the present nuclear instability, but with two possible out-
stellar mass function (Miller and Scalo 1979) are comes. The thermonuclear instability is associa-
toc few to account for either type of SN and more ted with the thermonuclear burning of a carbon-
particuiarly supernova type 1I's and neutron oxygen stellar core. This may be initiated off{
stars. center in a mantle of helium that detonates. This

then leads to the detonation of the high density
2. A wore reasopable mass for SN II's is ~ 25 He core and therefore an off-center explosion
and then the original suggestisr of Burbidge, (Nomoto, Mariai, and Sugimoto 1979; Nomoto 1980;
Burbidge, Fowler, and Moyle 1Y57) applies and and Weaver, Axeirod, and Woosley 1980). The
collapse is initiated by the thermal decoaposition helium mantle is most likely formed by accretion
of iron back to alphas and neutrons. The exten- from a helium star companion onto a white dwarf.
sive nuclear systhesis calculaticn of Arnette Alternately, the core may initiate carbon-oxygen
(1977); Weaver, Zimmerman, and Woosley (1978) burning at the center by pico-nuclear reactions.
confirm *he evclution to the instability. A still Then a detonation or deflagration may result and
more recent calculation of stellar nuclear syn- this may heve two very different outcomes as
thetic structure is given in Fig. 3 from Weaver indicated in the section on light curves. The
and Woosl~y (1980). This nuclear structure is detonation or deflagration may result in the
exceeding. :omplex and would be very different if entire disruption of this star or following uefla-
convection wcre driven by rotation or magnetic gration only the beta decay via electron capture
fields. Following collapse, an explosion of the of the heavy nuclei may be fasi enough such that
star results presumably by the energy from the collapse results bufose explosion (Buchler,
creation of a neutron star. However, despite the Mazurek, and Colgate 1979). In this case 2 col-
desire by theorists to explain this explosion, a lapse to a neutron atar would result and an explo-
truly convincing description is still illusive. sion would occur similar to the SN Il explosion.
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(From Weaver and Wousley, 1980, Annals of N.Y. Acad. Sci., 336, 335.)

Fig. 3. Presupernovs composition profile of s 25 H, Population ] star ss a function of the interinr mars
coordinate as given by WZW.® The structure is nhown at the point at which collapse velocities in the iron
core have nearly reached 1000 ka/s and sre rap.dly incressing. In the region interior to 1.61 M. where a
131-isotope quasiequilibrium nuclenr-burnlng network was used to treat quasistatic silicon bu’hnn. and
neutroni:nt!on‘ the curve labeled PONi includes minor contributions from other A & 22 fron peak nuclef; the
curve labeled ®3Fe includes those lran pelh isotopes with A = 2(2 + 1), while that labeled "Fe" tnc‘udel

all other ilotopel uith'z > 22 (e.g., *®Fe, ®'Fe, and asjor contributions from highly neutronized i.on peak
;g;clel such as 4%Ca, rit, BOTY, ltc ). For additional details and a similar plot for a 13 "0 star, see



The maas ejected in the case of collapse would be
only ~ 0.5 Mg and perhaps 0.25 My of 56Ni. The
thermonuclaar” explosion on the o&er bhand would
eject 1.5 M, of wvhich at least 1 M, would be
88Ni. Postaply the liht curve from e}ily SN 1's
will tell the difference. Possibly a more accu-
rate budget of iron in the galaxy will tell the
difference. Also the current estimate of the
slactic rate of SN is 1 per 20 to 40 years
Tampann 1981) and the error in the neutron star
production rate in the galaxy is also 1 per 20 to
40 years (Hills 1980). This then also allows
either possibility, namely, neutron stars may
result from SN 11 only or from both types of SN.

4. STATISTICS CF NEUTRON STARS AND SUPERNOVAE

Certainly many neutron stars as seen in the
Galaxy and a few, the Vela and the Crasb, are
uniquely associated with SN events. Unfortuna-
tel', all the historical SN do not uniquely have
neu. sr. stars and their types cannot be uniquely
detersined f-om the rerords (Clark and Stephenson
i981 and 1977) and furthermore, all neutron stars
might not be expected to be visible because of
possible beaming of the superluminal pulsar
radiation.

To susmarize, stellar instability st the end point
of evolution bas two oeignificantly divergent
possibilities; i.e., collapse to a peutron star or
a thermonuclear detonation. These alternatives
are not yet resolved. We will now discuss these
alternative mechanisms in greater detsil.

5.  THERMONUCLEAR EXPLOSION AND COLLAPSE

The off-center explosion depends upon the slow
accretion from a red giant envelope of a helium
companion star to a helius envelope building up on
a8 white dwarf star. This accretinG layer of
helium burns at its base, building up A carbon-
oxygen core. Depending upon the core mass, helium
sccretion rate, and core density, the helium shell
may or may not detonate before ignition of carhon
burnins at the center. The carbon burning mcy
also be initiated at high density by pico~nuclear
reactions which depend upon the electron degen-
eracy. In either case the central de_lyity of the
ignition will be roughtly 101° g cm At this
high denaltr. the electron degeneracy pressure is
significantly greater, times 10, than the incre-
mental pressure arising frow complete thermonu-
clear burning of & carbon-oxygen core of °°Ni,
Hence, the preasure wave srising from the thermo-
nuclear energy is only a s.rong sound wave and a
very weak shock. Hence s detonation wave is not
self~supporting snd only in the case of the beliua
ignition is a driven shoc' likely to be strong
enocugh to initiste the near simultaneous TN .guni-
tion of the entire core. The subsequent history
of the core is then Jetermined by the competition
between electron capture which rapidly decreases
the pressure by resoving electrons from the tep of
the Fermi sea (7 to 8 MHeV) and disassembly that
occurs at a fraction, (~ 1/3) of sound speed. The
radica of the gare is 3 X 107 cu and sound speed
i 22 10cm s ', or a time of 0.05 ». Bince the
core must bounce, the total time i{s ~1/10s, In
this time the electron capture is just about rapid
enough to remove 10% of the pressure and collapse

to a peutron star would emsue. Collapse or 1IN
explosion therefore depends sensitively upon the
electron capture rates as well as the hydrodyna-
aics of the helium detonation shock core compres-
sion. The capiure rates depend sensitively upon
the Fermi level, hence, density and hence radius,
roughly as (radius)?® yet the core is close to
uastable collapse due to gravity and relativistic
degeneracy. Hence, the issue of collapse or TN
explosion reguires very detailed knowledge of the
equation of state, core structure, beta decay
rates, and finally the hydrodynamics of an off-
center explosion.

Recently, Fuller, Fowler, and Newman (1980,1981)
have significantly revised the electron capture
rates due to "beta decay blocking."” This results
in en increase in the capture .rate at the pre-
collapse demsity, ¥ 10'® g ca” " and a large de-
creasg in the rates at early collapae, a few 10%!
gem .

Finally, if carbon-oxygen burning initiates ut the
center of the star, the burning leads to a defla-
gration rether than detonation because of the
weak, ¥ ICY, overpressure from TN burn. Deflagra-
tion consumes a core at the rate of turbulent
plume mixing which will take considerably longer
than a sound wave traversal time by roughly the
ratio of the solid angle of a plume to that of the
full sphere, or by roughly a factor of 4n. Hence,
the deflagration time is closer to 1 s alloving
sore time for electron capture than shock wave
initiation. This leaves the issue of collapse or
TN detonation for type 1 SN uncertain.

6. TYPE 11 SUPERNOV4

Type 11 SN are more massive stars that evolve
s higher adisbat, i.e,, more temperature for a
given density, and hence burn carbon and oxygen
nondegenerately and stably to a core Fe as shown
in Fig. 3. (Weaver and Woutley 1980). The col-
lapse of the core vhen all aveilable fuel is
burned ia ipevitasble. The results may oe a neu-
tron star or & black hole. The existence of
neutron stars would dictate that the usual result
is a neutron star, but just how is still slightly
uncertain.

Bethe, Applegate, and Applegate (1980) hav: re-
cencly compieted the most exhaustive snalysis of
the problem nf forming a supernova explnsion from
the forsation of a peutron star. This work takes
into account the latest understanding of the
equation of state, neutron trapping and diffus.on,
hydrodynamics of ccllapse and core bounce shock
formation. We give only a brief description of
this phenomenon, but with some emphasis oo the
points of uncertainty.

7. BUPERNOVA TYPE 11 COLLAPSF.

The iron core of a reasonsbly msssive star, 6
T0 10 H. is partially degenerate at the end of TN
burning "with a low entropy 8/k % 1. As collapse
proceeds, aimost all the leptons are trapped
becaune 1. blocking reduces electron capture and
early collapse, and 2. neutral current neutrino
acattering traps the aneutrinos. The lepton frac-
tion Y‘. decrusses from that of iron & 0.48 to



Y, = 0.35 and hence the pressure is significantly
reduced. (Nuclei do no contribute significaatly
to the pressure.) Hence, a fraction of the core
collapses homologously (~ 0.75 M,) the mass cor-
responding to the new Chandrasekhdr limit associa-
ted vith the reduced Y,. This oew homologous core
bounces at just abo nuclear density (nuclear
matter is stiff) ipitiating a shock wave at the
homologous core boundary.

8. THE BOUNCE SHOCK

It is presumed that this shock causes the SN
explosion. This core bousce shock climbs out
through the izploding satter heating it to s high
temperature kT £ 10 MeV in high estropy S/k 2 7 to
10 which dissociates the nuclei back to free
oucleons. The shock is weakencd by dissociation
and lepton degrees of freedom. It is strengthened
by the density gradient. Numerical calculstions
indicate a weakening due to peutrino emission.
Analysis would say that neutrino diffusion behiud
the shock should strengthen or aid the shuck
because diffusion allows thermal conduction to
transport heat from the inner higher density,
higher temperature regions to the outer, lower
density regions behind the shock, i.e., forming »
near isothermal shock. On the other band, neu-
trino leakage (at low energy, small cross section)
should definitely weaken the shock. Further out
beyond where neutrinos will be trapped, thermo~
nuclear burning will aid the shock as well zs the
re~ombinaticn (thermonucleur burning) of the
previously shocked decomposed nuclear matter.
These gains and losses are so complicated that an
unequivocal prediction is pot possible but i
certainly plausible that this is the mechanism of
SN created fros collapse.

There are several further complexities like degen-
erate lepton-driven core convection and violent
overturn, post ejection, rarefaction collapse, and
neutrino luminosity stress that have yet to be
fully reaolved. Nevertheless, the great advance
is the detailed analytical reprnduction of much of
tie numerical modeling. This has styengthened the
physics basis of the understanding of SN.

9. EJECT VELOCITY DISTRIBUTION

The optical evidence and its interpretation
is the resson for believing that supernova eject
roughly a solar mass at high velocity. A shock
wave inevitably precedes such an explasion, and
depending upon the structure of the mantle of the
presupernova star, i.e., a compact star for type I
SN, this shock can become relativistic before
reaching the surface of the star (Colgate and
White 1966). The ~xtended envelope modcls of SN
11, as nlready printed out, give good agreement
with observation and particularly UV observations,
and in these models no high velocity ejecta is
formed. Hence only in the case of SN I's do we
foresee a possibility of relativistic ejecta. The
mass fraction that becomes relativiatic can be
estimated from the solution of shock waves in
density gradients and these estimetes are confir-
med by the numerical hydrodynamics (Colgate and
White 1966). Recently this phenomenon of the
shock wave speeding up in th~ envelope hss been
confirmed by calcualtions by Weaver, Axelrod, and
Woosley (1980)for compect models of SN I, Fig 4.
The mass fraction that becomes relativistic after
the expansion ogsthe poit lhq&# energy density is
then roughly 10 ° to 3 x 10~ and w0 Lhe total
energy in reltivistic matter becomes 10 ~ ¢2 M, =
10*® ergs. This is adequate to power cosmic r?ys

30 L r

1 T T
Type | supernove models
2%+ Final velacity profiles
2.03 NAQC/O
(10 Mgy core”}

20+

Velocity {10° km/s)

1.41 MgC/0

1.12 MgHe/C

06 08 1.0

Interior man fraction

(From Weaver, 8, A., Axelrod, T. 8., and Woosley, 8. E., 1980, in proceedings of the Texas Workshop on Tvpe
1 Supernova, ed. J. C. Wheeler, Upiv. of Texas Prmss, Austin, Texas.)

Fig. 4. Final velocity profiles for Type I supernova models as a function of interior mans fraction. As
in Fig. 1, major sbundance discontinuities are indicated by hars.



in our galaxy provided the relativistic metter can
escape from the region of the SN without degreda-
tion and vith the appropriate energy distribution.
The escape 1is a question of the effectiveness of
Alfvén wave trapping (Kulsrud 1979) and the spec-
trum is determined by relativistic shock hydro-
dynamics (Colgate and Petschek 1978, Fig. 5). A
summary of these questions with references 1is
given in Colgate (1981).

10. REMNANT FORMATION

Remnant formation starts with THE first interac-
tion of the SN ejects with the interstellar medium.
The first indication of this may be the detection
of the SN II 1979 c¢ in radio emission, (Weiler et
al 1980). Pacini and Salvati (1980) have inter-
preted this as pulsar emission, but the early time
of detecticn (less than one year) would result in
a high enough density of the SN ejecta such as to
prevent the observation of an embedded source.
There are not yet models that would predict this
very early remnant emission by nonthermal
electrons.

Later stages of remnant formation are concerned
vith the development of a collisionless shock in
the ISM. This structure of such a shock is still
problematic (McKee 1974) yet extensive modeling of
the origin of commic rays depends upon such a

collisionlesy shock (Bell 1978a,b; Blanford and
Ostriker 1978, 1980; Axford, Lear, and Skadron
1977).

11. SUMMARY

The whole of the supernova phenmomenon is rich
in physics as well as astrophysics and the observa-
tions and interpretation test our ability to mu.del
the @aost extreme observable phenomenon of the
univerge.
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